Containing Ebola at the source with ring vaccination

Stefano Merler!, Marco Ajelli,!, Laura Fumanelli', Stefano Parlamento?,

Ana Pastore y Piontti?, Natalie E. Dean?, Giovanni Putoto?, Dante Carraro*,

Ira M. Longini Jr.?, M. Elizabeth Halloran®®, Alessandro Vespignani®™8

!Bruno Kessler Foundation, Trento, Italy
2Laboratory for the Modeling of Biological and Socio-technical Systems,
Northeastern University, Boston, MA 02115, USA
3Department of Biostatistics, College of Public Health and Health Professions,
University of Florida, Gainesville, FL. 32611, USA
4Doctors with Africa-CUAMM, Padua, Italy
SVaccine and Infectious Disease Division, Fred Hutchinson Cancer Research Center,
Seattle, WA 98109, USA
SDepartment of Biostatistics, University of Washington, Seattle, WA 98195, USA
Institute for Quantitative Social Sciences at Harvard University, Cambridge, MA 02138, USA
8Institute for Scientific Interchange Foundation, Turin, Italy



Contents

1 Material and Methods

1.1 Population model . . . . . . . . ...

1.2 EVD transmission model . . . . . . . . . . ...
1.2.1  General structure . . . . . . . ...
1.2.2 Detailed EVD transmission model . . . . .. ... ... ... .......

1.3 EVD transmission model without interventions: effective reproduction number

1.4 EVD transmission model without interventions: model calibration . . . ... ..

1.5 EVD transmission model with interventions: case isolation and ring vaccination .

1.6 EPP and overall vaccine effectiveness: statistical analysis . . . .. .. ... ...

2 Results
2.1 Sensitivity of EPP to values of parameters regulating EVD transmission and
interventions . . . . . . ...

2.1.1 Uncertainty regarding preparedness and capacity of the health system. . .
2.1.2  Uncertainty regarding the impact of ring vaccination. . . . ... ... ..
2.1.3 Spatial vaccination. . . . ... ..o
2.1.4 Variability in EVD transmission. . . . . . . ... ... ... L.
2.1.5 Mortality rate . . . . . ... oL
2.2 Baseline ring vaccination: OVE . . . . . . . ... . o 0 oo
2.3 Sensitivity of OVE to values of parameters regulating EVD transmission and
interventions . . . . . ... Lo e
2.4 Vaccine doses and number of rings . . . . . .. .. Lo 0oL
2.5 Outbreak containment: C&CC+S and “improved health systems” . . ... ...

Bibliography

0 IO W www

10
10

11

11
12
13
13
14
16
16

18
19
21

21



1 Material and Methods

1.1 Population model

We developed a spatial population model of Pujehun district by simulating a population of
375,000 individuals. Individuals were co-located in households. The distribution of the house-
hold size was obtained from DHS data [1] (Fig. S1B). Households were aggregated in villages
and one major rural town (Pujehun, 30,000 inhabitants). The distribution of the number of
households in the villages was determined by the analysis of aerial images (Fig. S1A). Villages
were randomly spatially located in the district (see inset of Fig. S1B ). Households in Pujehun
town and villages were spatially located by assuming that households cover an area of about
15 x 15 m? (as resulting from the analysis of aerial images). Each household was linked to
four households (Fig. S1C) mimicking the concept of extended household typical of the rural
African context. The extended household defines the set of contacts (and contact of contacts)
that can be identified through contact tracing procedures. We set the number of additional
households to four to match the size of vaccination rings in [2]: mean simulated ring size: 87.2,
95%CI: 60.8-136.0, mean ring size in [2]: 85.0. The four additional households were randomly
chosen with probability decreasing with the geographical distance. Dependence on distance is
regulated by information on social pathways in Sierra Leone [3]. Specifically, for each household
1, we define a set of weights
kij = k(dig) = 1/(1 + dfy),

where d;; is the distance of household 4 from all households j in the population and parameter
b regulates the decrease of the weight with distance (Fig. S1C). Additional households of house-
hold ¢ are randomly chosen from the entire set of households in the district with probability
proportional to kj;, namely p; = k;ij/ >, kiy. The value of parameter b was selected in order
to match data on the distance of socio-economical connections between villages in Sierra Leone
(7.7 km on average [3]). The resulting optimal value of parameter is b = 2.25 (Fig. S1D). The
resulting cumulative distribution of the distance of additional households is reported in the inset
of Fig. S1D. Note that location of additional households depends on both geographical distance
and population density. We also discussed scenarios by assuming different values of b, namely
b = 4 resulting in an average distance of 1.5 km, b = 3 resulting in an average distance of 3.5
km, b = 1.5 resulting in an average distance of 15 km, b = 1 resulting in an average distance
of 25 km. We divided the population into two age classes, namely children (< 15 years old,
corresponding to 48.3% of the population) and adults.

1.2 EVD transmission model
1.2.1 General structure

The 2014 EVD outbreak in Pujehun district was mainly determined by contacts in households
(35.9% of transmission), in extended households (38.5% of transmission), random contacts in the
population (mostly among friends, 17.9% of transmission), and contacts in health care facilities
(7.7% of transmission — of which 67% from infected patients to health care workers) [4]. Above
proportions account for potential transmission events during burial ceremonies (88.1% of fatal
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Figure S1: Population model of Pujehun district. A Distribution of the number of households
in villages of Pujehun district. B Distribution of household size in Sierra Leone. C Schema of the
procedure for selecting additional households in a simulated population with three villages. For
each household, additional households are randomly sampled from the entire set of households
in the population with probability proportional to a kernel function w(d) = 1/(1+d") decreasing
with the geographical distance. D Comparison between the observed distribution of the distance
of socio-economical connections between villages in Sierra Leone [3] (red) and the distribution
of the distance of additional households from index households (only additional households not
in the same village of index households are considered) with b = 2.25 (blue). Cumulative
probability of the distance of extended households from index households is shown in the inset.

cases were buried safely [4]), and compare well with estimates for Guinea at the beginning of
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Figure S2: Transmission model. A Schema of transmission model with explicit transmission in
households and extended households (only 3 extended households in 2 villages are shown) and
distance-dependent transmission in the general community. B Class S represents susceptible
individuals, class L represents latent individuals, class I represents infectious symptomatic indi-
viduals, class H represent hospitalised individuals, class R represent recovered individuals, and
class D represents deceased individuals. Durations (in days) and probabilities of transition are
shown. C Schema of ring vaccination by assuming 3 villages: once a patient is isolated the ring
is defined as contacts of index cases and contacts of contacts. Contacts are defined as people
living in the same household of index case (green household) and in the extended household of
index case (red households). Contacts account for 74.4% of transmission. Contacts of contacts
are represented by blue households. D (Mean) Key time periods regulating progression of EVD
(red) and ring vaccination (blue).

the EVD epidemic [5], and with model estimates obtained for Liberia [6].

We simulated the spread of EVD in Pujehun district by making use of a spatially explicit
microsimulation model accounting for the explicit transmission in households and extended
households (35.9% and 38.5% of transmission, respectively; 74.4% of transmission overall), and
in the general community, accounting for all other contacts, e.g. other contacts in the population
or health care related contacts (25.6% of transmission overall) (Fig. S2A). This structure allows
us to identify the contacts that can be targeted by ring vaccination policies through contact
tracing, namely contacts in households and extended households, and contacts of contacts [2]
(Fig. S2C). Transmission in the general community considers that interactions decays with the
distance because of the reduced likelihood of long-range mobility [3] (Fig. S1D). Moreover, we
assume that in the event of a new outbreak, health care workers (HCW) would be promptly



immunized, thereby drastically reducing EVD transmission in hospital settings as compared to
the 2014-15 EVD epidemic in West Africa [6]. With vaccinated HCWs, hospital transmission
would primarily impact Ebola-uninfected individuals seeking health care in hospitals for other
illnesses, and this is accounted along with transmission in the general community.

The basic reproduction number of EVD estimated in Pujehun district was Ry = 1.67 [4].
Similar estimates were obtained for other regions of West Africa [7, 8, 9, 10, 6]. However, in
a new outbreak, possibly originating in a different region of Africa, the transmission potential
could be remarkably different. For instance, it could be either decreased or increased by human
behaviour, by the ability of health care workers to limit transmission in health care facilities,
by burial procedures. This is the reason why we explored a much wider range of values for the
effective reproduction number R, ranging from 1.4 to 2.6.

1.2.2 Detailed EVD transmission model

Simulations were initialised with one index case randomly chosen in the population. At the end
of the latent period (10 days on average [4]), the index case can transmit the infection through
contacts in household, with members of the extended family and in the general community. We
assume no asymptomatic transmission and that all cases develop clinical symptoms. Under the
assumption of homogeneous mixing, at time ¢, a relative j of the index case i is exposed to a
force of infection

Aj(t) = Brpi/n(Hjt),

where [, is the transmission rate in household, p; is the infectiousness of the index case, and
n(Hj;) is the household size at time ¢ — household size can vary because members die or are
hospitalised. p; is drawn from a Gamma distribution of mean 1 and shape 0.45 to account for
the observed heterogeneity in transmission (see for instance [11]). In this way the number of
secondary cases per primary infector is distributed according to a negative binomial distribution
of dispersion parameter 0.45, as observed in Pujehun district [4]. A similar equation regulates
transmission to members of the extended family (with transmission rate S.p). As for the trans-
mission in the general community, any individual j is exposed to a force of infection decreasing
with the distance, namely

Nj = Bepik(dji)/ Y k(da),
l

where . is the transmission rate in the general community, k(d) is the distance kernel defined
above, dj; is the geographical distance between individuals ¢ and j. This is a procedure similar
to that used for describing the spatial transmission of influenza in the general community [12,
13, 14, 15]. The index case is hospitalised with probability 88.8%. In case of hospitalization,
transmission in the community lasts 4 days on average [4], 6.5 days on average otherwise [4].
The case fatality rate is set to 85.7% [4]. If hospitalised, the index case remains in hospital
2 days on average in case of death, 9 days on average in case of recovery [4]. The simulated
epidemic is generated by applying the above described process to all newly infected individuals
(Fig. S2B).

All in all, at any time ¢ of the simulation, a susceptile individual j is exposed to the following



force of infection:

N

I; Brpi I Benpi I;Bepik(djs)
Aj(t) = + + ,
j Z . Zﬁ n(EHj) ; {\;1 k(dy)

where [; = 1 if individual 7 is infectious and I; = 0 otherwise; N is the population size; Hj; is the
set of individuals in the same household of individual j at time ¢ and n(Hj;) is its cardinality
at time ¢ (it varies over time because of deceased and hospitalised cases); EHj; is the set of
individuals in the expended household of individual j at time ¢ and n(EHj;) is its cardinality
at time ¢.

The probability of getting infected upon exposure is

pj(t) = o(1 —exp{X;(t)At}),

where 0 = 1 for adults and ¢ = 0.247 for children to account for the age specific risk of infection
observed in Pujehun district [4], and At =1 day is the time step of the simulation.

1.3 EVD transmission model without interventions: effective reproduction
number

According to the definition given in [16], R, (as stated above, we prefer talking of effective rather
than basic reproductive number, as transmissibility of EVD might be affected by several factors)
of an epidemic is the solution of the equation

1= Re/ ~y(T)e ""dr,
0

where r is the exponential growth rate of the simulated epidemic during the initial phase and
v(7) is the distribution of the generation time of the model. Such a definition has been used in
several studies on different infectious diseases [7, 14, 13, 17, 18, 19].

In Fig. S3A the distribution (10,000 model realizations with R.=1.6) of the number of
secondary cases generated by the index cases is shown. As a consequence of transmission het-
erogeneity that we have considered in the model in order to reproduce the data on the EVD
outbreak in Pujehun [4], this distribution is well fitted by a negative binomial (see Fig. S3B), but
not by a Poisson distribution (see Fig. S3C). The mean of the distribution of secondary cases of
the index case, commonly referred to as Ripdes, 18 Rindex = 2.0. Moreover, this distribution has
a long tail, with an appreciable probability of up to 10 or more transmissions (see Fig. S3A). By
analyzing scenarios assuming R, = 1.6, 2, and 2.4, we found that R;,ge. =~ Re +0.4. The reason
is that the model is characterized by very clustered transmission resulting from i) structure of
contacts (75% of transmission among close contacts, that is about 30 persons) and ii) spatial
structure (villages) [20]. Rjnger is indeed the outcome of a heterogenous transmission process
and the lack of a typical index case (difference in the household structure, extended household,
village size etc.). To obtain a given exponential growth in cases in the community for the early
stage of the outbreak, the model needs transmission rates resulting in a larger number of cases
generated by the very first few cases (a few realisations are reported in Fig. S4). The difference
between the two estimates of R, and Rj,qe, stems from the fact that R, is estimated over the
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Figure S3: A Distribution of the number of secondary cases generated by the index cases for
R. = 1.6. B Distribution of the number of secondary cases generated by the index cases for
R. = 1.6 and negative binomial fit. C Distribution of the number of secondary cases generated
by the index cases for R, = 1.6 and Poisson fit.

“standard” phase of sustained exponential growth, while R;, 4. is estimated by looking at cases
generated only by the very first index case.

A similar pattern has been reported for models of influenza transmission [17, 21, 13]. In
particular, differences for influenza were slightly lower: Rj,gex = Re + 0.2 (while for EVD we
obtain a difference of 0.4). This can be explained by considering that transmission in influenza
models is less clustered (transmission in the general community is assumed to by about 33%
and, more importantly, there are also other settings such as schools and workplaces where an
individual can have a large number of contacts). Moreover, in influenza models the distribution
of secondary cases is commonly assumed to be Poisson distributed (while for EVD we are
assuming a negative binomial distribution). These factors contribute to an earlier saturation
of the network of contacts for Ebola transmission models — this does not hold for homogenous
models as they do not consider the clustered structure of contacts actually observed [22].

1.4 EVD transmission model without interventions: model calibration

The model has three free parameters, corresponding to the three transmission rates. Calibration
was performed by identifying values of the three transmission rates (S5p, Ben, 5c) resulting, on
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Figure S4: Cumulative number of symptomatic cases (log scale) of 6 randomly selected simu-
lated epidemics with R, = 1.6.

average, in simulated epidemics characterised by R, = 1.67 and such that 35.9% of cases are
generated through contacts in the households, 38.5% through contacts in the extend households,
and 25.6% through contacts in the general community (aggregation of all non-household and
non-extended household transmission events). The following procedure was used:

define the sampling space as the cube S = [0, K]* with K = 1 (chosen after preliminary
inspection);

create a regular grid in S of N3 points (Bp, Ben, Be), with N = 20;

for each point (Sn, Ben, Bc) run 1,000 model simulations initialised with 100 initial cases
(to avoid auto-extinction), compute the average Ry and the average percentage of cases
by setting (Py, Pen, Fe);

choose the point (S35, 8,, 85) with minimum error in terms of Ry (target value: 1.67) and
percentage of cases by setting (P, P.p, P.) (target vales: 35.9%, 38.5%, 25.6%);

redefine S as the cube centered in (5, 8%, 8%) and K = K/3, consider only points belong-
ing to [0,1]3, and reapply the above described procedure;

iterate until convergence is obtained.



The resulting values of the three transmission rates are: 3; = 0.331 days™1, B2, = 0.054
days~! and 8% = 0.109 days~!. As stated above, we are interested to explore a much wider range
of value of R,, ranging from 1.4 to 2.6. These scenarios were obtained by multiplying the three
transmission rates (85, 5%,, 6x) by the proper proportionality factor to obtain the desired value
of R.. Note that the model was calibrated to generate the proportions of cases per setting in
Pujehun district with R, = 1.67 (the value observed in the Pujehun district). When we change
R (by modifying the transmission rates), the proportions of cases by setting may change as
well.

1.5 EVD transmission model with interventions: case isolation and ring vac-
cination

We assume that the epidemic can be detected after a certain number of symptomatic cases (5
cases in baseline simulations). As soon as the outbreak is detected, newly hospitalized cases are
isolated (we assume hospitalization at 88.8% and the availability of 20 Ebola beds in baseline
simulations [4]) and trigger ring vaccination. Individuals eligible for vaccination are contacts
of index cases, and contacts of contacts [2]. Note that when we explore scenarios with a lower
number of Ebola beds (e.g. 1 to 5), sick individuals seek assistance but, when no beds are
available, cases are not hospitalized (i.e., <88.8% hospitalized) and thus continue to transmit
the infection in the community. In the baseline simulations we assume a vaccine coverage of
65% [2] and vaccine efficacy equal to 90% [2]. Moreover, we assume 2 days on average to deliver
the vaccine and 4 days on average for the vaccine to develop protective immunity (overall, 6
days on average for the vaccine to develop protective immunity from ring enrollment). Key time
periods regulating infection transmission and vaccination process are reported in Tab. 1 of the
main text and summarized in Fig. S2B and Fig. S2D.

1.6 EPP and overall vaccine effectiveness: statistical analysis

We measure the impact of ring vaccination on simulated outbreaks in terms of the epidemic
prevention potential (EPP). The EPP is defined as EPP=1—p, /p,,, where p, and p,,, are the
probabilities of an uncontained outbreak when an intervention is used (e.g. ring vaccination)
or no intervention is used, respectively. Here an outbreak is considered as uncontained if the
number of cases exceeds 300, though the results are consistent if this threshold is varied by
up to 30%. Note that EVD had never resulted in more than 425 cases (Uganda outbreak in
2000) before the 2014-15 epidemic in West Africa. Confidence intervals of EPP were computed
by assuming that the number of uncontained outbreaks with and without intervention has a
binomial distribution, B(p,,n) and B(p,,,n) respectively:

—1 I=py  1=Ppg
1— &eié (2/2) "Py * "PNT

pNI
where @~ denotes the normal quantile function and n = 1000 is the number of model realiza-
tions. The EPP indicator is discussed in the main text.
Another valuable public health measure is the number of averted cases in medium-long
term because it quantifies the impact of the intervention in reducing the overall disease burden.
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Providing estimates for this indicator is quite challenging as it requires to know in advance which
non-pharmacological interventions will be considered (in the absence of an effective vaccine) and
their possible impact. Behavioural changes of the population are impossible to quantitatively
predict as well. For these reasons, here we analyse overall vaccine efficacy (OVE) with respect
to the worst case scenario, where we assume no interventions and no behavioural changes in
the population. As observed during the 2014-15 EVD epidemic in West Africa, this is a fairly
unrealistic scenario and thus results should be considered cautiously. The proportional reduction
in cases is called the overall vaccine effectiveness, defined as OVE=1— AR, /AR, ,, with AR,
and AR, denoting the population attack rate one year after emergence of the first case (i.e.,
the ratio between the cumulative number of cases after one and the total population), regardless
of whether the outbreak is contained or not, when interventions are in place or not, respectively.

The standard deviation of the OVE indicator was computed by using standard equations for
calculating propagation of uncertainty for non-linear combinations of random variables, namely:

J(&Y e (%)

where x = AR,, y = AR,,, f(x,y) = 1 —z/y, o denotes the standard deviation, and partial
derivatives are evaluated at the mean value of all components x and y.

2 Results

2.1 Sensitivity of EPP to values of parameters regulating EVD transmission
and interventions

Key model parameters and their assumed values are summarized in Table 1 in the main text.
As baseline values, we assume that a new Ebola outbreak is detected after five symptomatic
cases occur. As soon as the outbreak is identified, 88.8% of new cases are isolated [4] and
hospitalized an average of 4 days after symptom onset [4]. We assume the availability of 20
Ebola beds [4]. Note that when we explore scenarios with a lower number of Ebola beds (e.g. 1
to 5), sick individuals seek assistance but, when no beds are available, cases are not hospitalized
(i.e., <88.8% hospitalized) and thus continue to transmit the infection in the community. Case
isolation and hospitalization triggers ring vaccination of contacts (C) and contacts of contacts
(CC) for any case who is not already part of an existing vaccination ring [2]. From the time
of case isolation, we assume 2 days are required to define the ring, obtain consent from ring
members, and administer vaccine, followed by an additional 4 days for vaccinees to develop
protective immunity [2]. Vaccine is delivered to 65% of the ring members [2], and vaccine
efficacy is conservatively assumed to be 90% [2].

An extensive analysis is performed to assess sensitivity of results to all parameters regulating
EVD transmission and interventions. Regarding preparedness and capacity of the healthcare
system, we vary assumptions for the time required to detect the outbreak, hospitalization rate,
and the number of available Ebola beds. Regarding ring vaccination, we vary assumptions for
the vaccine efficacy, vaccine coverage, time for the vaccine to develop protective immunity, and
definition of the eligible population. Regarding EVD transmission, we vary assumptions for the

11
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Figure S5: Preparedness and response of the health system. A Estimated EPP (points) and
95%CI (vertical lines) as a function of R, and by varying the number of cases required to detect
the outbreak. Baseline value: 5 cases. The shaded grey area represents the range of most
plausible values of R, for the 2014-15 epidemic in West Africa. B As in A but by varying the
percentage of hospitalized cases. Baseline value: 88.8% [4]. C As in A but by varying the
number of Ebola beds. Baseline value: 20 Ebola beds [4]. Each point estimate is based on the
analysis of 1,000 simulated epidemics.

time from symptom onset to hospitalization, heterogeneity in transmission, human mobility,
and percentage of traceable contacts. We also compare the impact of ring vaccination with
preemptive mass vaccination strategies and reactive spatial vaccination strategies. Specifically
for reactive spatial vaccination, we consider spatial rings of increasing radius, mimicking the
increasing effect of targeting the village of index case, the nearest few villages around the in-
dex cases, up to targeting the chiefdom of index case (the Pujehun district is made up of 12
chiefdoms).

2.1.1 Uncertainty regarding preparedness and capacity of the health system.

The delay in implementing ring vaccination is very critical. If the outbreak is detected after 20
EVD cases (roughly corresponding to 6 generations of transmission if R, = 1.6), EPP drastically
decreases and containment is uncertain for values of R, as low as 1.6 (EPP~ 0.6) (Fig. S5A). On
the contrary, EPP is close to 40% even for R, = 2 if the outbreak is readily detected (Fig. S5A).
Another critical factor is the capacity of isolating cases. In baseline ring vaccination we assume
hospitalization of EVD cases at 88.8%, as observed in Pujehun district in July-October 2014 [4].
However, the percentage of isolated EVD cases in West Africa during the same period was 52%
(as reported by the WHO on November 5, 2014 [23]), while the target set by the WHO by
1 December 2014 was 70%. Fig. S5B shows that if EVD cases are isolated at a rate of 30-
50%, EPP is very low when R, = 1.6.Fig. S5C shows that EPP does not increase much with the
availability of more than 10 Ebola beds. These results, even in light of the response delay during
the 2014-15 EVD epidemic in West Africa, claim for a reinforcement of the surveillance systems

12



>
@
n
O

—_ 0 —_ O —_ O — O 4
iy 5= o s =
= = =] =
= T f= T = T f= T
Lo ] L oo ] L | Lo ]
g_o 1 8_ o 1 8_ =) 1 8_ o 1
c = [ = =
S 9 | S v | S v | S 9 |
s o =] = o =R
c . f=4 . = . c -
1 4 1 4
831 3 ¢ 3 3
a - . o i o i a
Ll \ 2 2w 2
§o N\ §o §° §o
S N T 2. 25 x
88— Egl TSee gl TS Bgl N
14 1.8 22 26 14 1.8 22 26 1.4 1.8 22 26 1.4 1.8 22 26
Re Re R. Re
Vaccine coverage: Time from ring enroliment to Vaccination policy: Ring radius:
95% —e— 65% immunity: —e— 8days C&CC+S —e— C&LC 20 km 2km
80% —e— 50% —e— 4days 10 days —e—C+S C —e—10km —e— 0.5km
—*— 6days 12 days —e—S 5km —e— 0km
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Africa. B Asin A but by varying the time for the vaccine to develop protective immunity from
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geographical ring (ring radius: 2 km). Baseline value: C&CC [2]. D As in A but by varying
the radius of the geographical ring. Baseline value: 0 km (no spatial ring). Each point estimate
is based on the analysis of 1,000 simulated epidemics.

in order to guarantee a rapid response to an emerging outbreak. Moreover, it is necessary to
improve the ability to rapidly identify and isolate EVD cases because isolation of cases is the
primary intervention for reducing transmission within the community.

2.1.2 Uncertainty regarding the impact of ring vaccination.

In baseline ring vaccination we assume that vaccine is delivered to 65% of the eligible population,
corresponding to the percentage of consenting adults observed during the 2015 ring vaccination
trial [2]. Later, however, vaccination was extended also to children [2]. Thus, it is likely that
vaccine uptake would increase during future EVD outbreaks, also because vaccine safety has
been demonstrated [2]. We estimated that EPP is larger than 50% even for R, = 1.8 if coverage
is no lower than 80% (Fig. S6A). Number of rings and vaccine doses do not increase substantially,
at least for R, < 2, by assuming 95% vaccine coverage (see Fig. S13). If the time needed to define
the ring and deliver vaccine increases from 0 to 8 days on average (we assume an additional 4
days on average for the vaccine to develop protective immunity), large drops in EPP are observed
only in a restricted range of values of R., namely 1.6-2 (Fig. S6B).

2.1.3 Spatial vaccination.

Fig. S6C shows that adding a spatial component to the vaccination ring (here we assume a ring
radius of 2 km) would be crucial to increase the EPP. Indeed, vaccination of 65% of C&CC
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Figure S7: EVD transmission characteristics. A Estimated EPP (points) and 95%CI (vertical
lines) as a function of R, and by varying the time from symptoms onset to hospitalization.
Baseline value: 4 days [4]. The shaded grey area represents the range of most plausible values
of R, for the 2014-15 epidemic in West Africa. B As in A but by varying the time for the
dispersion parameter regulating transmission heterogeneity. The number of secondary infections
has a negative binomial distribution. Baseline value of the dispersion parameter: k = 0.45 [4].
k = 0.2 is the dispersion parameter estimated in [11] for Conakry, Guinea. k = +oo corresponds
to homogeneous, Poisson transmission. In this scenarios, probabilities of outbreak in the absence
of interventions were recomputed for each value of the dispersion parameter k. C As in A but
by varying the parameter regulating human mobility. Spatial transmission is proportional to a
power low kernel 1/(1 + d®) where d is the geographical distance and b regulates the decrease
of transmission with distance. The resulting average distance of socio-economical relationships
is reported between square brackets. Baseline value: b = 2.25, resulting in an average distance
of 7.7 km [3]. In this scenarios, probabilities of outbreak in the absence of interventions were
recomputed for each value of the parameter b. D As in A but by varying the percentage of
traceable cases. Baseline value: 74.4%. Each point estimate is based on the analysis of 1,000
simulated epidemics.

(accounting for about 75% of the transmission [4]) is equivalent to targeting only about 50% of
potential second generation contacts. This would be the minimal percentage in case of proactive
mass vaccination for preventing an EVD epidemic if R, = 2 and thus it is insufficient with a
ring vaccination policy. For spatial ring vaccination strategies, we explored varying the ring
radius from 0.5 km (roughly corresponding to enrolling people in the village of index case) to 20
km (roughly corresponding to immediate mass vaccination of a large part of the district). We
observed a drastic increase in EPP for all values of R, larger than 1.6 (Fig. S6D).

2.1.4 Variability in EVD transmission.

In baseline simulations, we assume that transmission in the community lasts 4 days on aver-
age [4]. Fig. STA show that increasing this period, for instance because of sustained transmission
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Figure S8: A Estimated EPP (points) and 95%CI (vertical lines) as a function of R. and by
varying the CFR. Baseline value: 85.7% [4]. The shaded grey area represents the range of most
plausible values of R, for the 2014-15 epidemic in West Africa.

in hospital settings or during burial ceremonies, or decreasing it, for instance because of the im-
plementation of additional control measures (e.g. the time from symptoms onset to hospitaliza-
tion has been reduced to two days on average in the last part of the epidemic in West Africa [7]
as an effect of interventions, e.g. contact tracing) may drastically affect EPP. Specifically, if the
transmission in the community is reduced to two days on average, EPP is larger than 0.5 for
R, as large as 2.4. Here we stress that ring vaccination requires identification of contacts (and
contacts of contacts). However, identification alone does not necessarily imply early isolation of
potential secondary cases. Increasing this period up to 6 days may make it unlikely to contain
EVD outbreaks with R, as low as 1.6. In agreement with results reported in [24], we found that
heterogeneity in transmission, a pattern observed both in Sierra Leone [4] (65% of cases did not
transmit the infection) and Guinea [11], might be key in determining a successful containment
(Fig. STB). The reasons for the observed pattern are not clearly understood yet. In baseline
ring vaccination, we assume an average distance of socio-economical relationships of about 7.7
km [3]. We found that human mobility may strongly impact on the outcome of ring vaccination
(Fig. S7C). This is explained by considering that decreasing the mobility of people results in a
more clustered transmission, thus increasing the probability of outbreak containment. It should
be noted, however, that changing the parameter regulating mobility b does not affect much the
probability of outbreak in the absence of intervention. Indeed, by model construction, variations
of b modify the distance of secondary cases in the general community, while the number of sec-
ondary cases remains nearly constant. In other words, we do not assume any reduction in the
time spent in the community or in the number of random contacts in the population. Changes
of b only modify the probability that secondary cases in the general community belong to the
network of C&CC targeted by ring vaccination. In baseline ring vaccination we assume that
about 75% of contacts of EVD cases are detectable through contact tracing [4]. However, in [4],
authors found that a certain fraction of EVD cases not infected through family contacts could
be detected as well. In Fig. STD we analyse the impact of baseline interventions by assuming
that the fraction of contacts detectable through contact tracing is 90%. It emerges that the
EPP increases substantially in the critical range of R, between 1.6 and 2.
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Figure S9: A Estimated overall vaccine effectiveness (+ 2SE) one year after the emergence
of the first case (with respect to worst-case scenario) as a function of R.. B Mean number of
vaccine doses and 95%ClIs one year after the emergence of the first case for a range of R, values.
Both contained (green) and uncontained (blue) outbreaks are considered. C As B but for the
number of rings defined. . The number of rings and vaccine doses used in the first year decreases
at very high R.. This is explained by considering that the maximum number of rings that can
be defined in one year is constrained by the capability of the health systems and epidemics
with high R, may terminate within 1 year since the first case. D Mean effectiveness of ring
vaccination and 95%CI. Each estimate is based on the analysis of 1,000 simulated outbreaks.

2.1.5 Mortality rate

In baseline ring vaccination we assume a case fatality rate at 85.7%. This is the average value
observed in Pujehun district during the 2014-15 EVD epidemic, namely 42/49 (95% CI: 72.7-
94.1) [4]. This value is higher than that estimated on larger population samples, namely about
70% [7]. However, as shown in Fig. S8, results are not sensitive to value of the assumed CFR.
Moreover, larger CFR at the very beginning of the outbreak are possible, especially prior to
outbreak detection, as documented in previous outbreaks [25, 26].

2.2 Baseline ring vaccination: OVE

The EPP of ring baseline vaccination is discussed in the main text (Fig. 1). Even when the
outbreak is not fully contained by ring vaccination, the OVE is high (> 85%) for values of
R, < 1.8 (Fig. S9A). The OVE when R, = 1.8 is similar to the 75.1% OVE (95%CI: -7.1-94.2)
observed in the ring vaccination trial in Guinea [2]. On average, 326 rings and 18,445 vaccine
doses are required in the first year of an outbreak when R, = 1.6, if the outbreak is not readily
contained (Fig. S9B,C). Moreover, we computed ring vaccination effectiveness by assuming that
only 50% of enrolled rings are vaccinated and by comparing attack rates of vaccinated versus
non-vaccinated rings. By assuming baseline interventions (Fig. 1 in the main text), the estimated
overall effectiveness of ring vaccination is about 65%-70% (Fig. S9D), similar to the estimate
reported in [2], namely 75.1%. These results suggest that ring vaccination strategies can be
highly effective and affordable for containing an EVD outbreak when R, < 1.6 and can greatly
decrease case burden for uncontained outbreaks when R, < 2.0.
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Figure S10: Preparedness and response of the Health system. A Estimated OVE (4 2 SE) one
year after the emergence of the first case (with respect to worst case scenario) as a function of R,
and by varying the number of cases required to detect the outbreak. B As in A but by varying
the percentage of hospitalized cases. Baseline value: 88.8% [4]. C As in A but by varying the
number of Ebola beds. Baseline value: 20 Ebola beds [4]. Each point estimate is based on the
analysis of 1,000 simulated epidemics.
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Figure S11: Ring vaccination policy. A Estimated OVE (4 2 SE) one year after the emergence
of the first case (with respect to worst case scenario) as a function of R. and by varying the
vaccine coverage. B As in A but by varying the time for the vaccine to develop protective
immunity from ring enrolment. Baseline value: 6 days [2]. C As in A but by varying the eligible
population. Symbols: C indicates contacts of index cases; CC indicates contacts of contacts; S
indicates geographical ring (ring radius: 2 km). Baseline value: C&CC [2]. D As in A but by
varying the radius of the geographical ring. Baseline value: 0 km (no spatial ring). Each point
estimate is based on the analysis of 1,000 simulated epidemics.
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Figure S12: EVD transmission characteristics. A Estimated OVE (£ 2 SE) one year after
the emergence of the first case (with respect to worst case scenario) as a function of R, and by
varying the time from symptoms onset to hospitalization. B As in A but by varying the time
for the dispersion parameter regulating transmission heterogeneity. The number of secondary
infections has a negative binomial distribution. Baseline value of the dispersion parameter:
k = 0.45 [4]. k = 0.2 is the dispersion parameter estimated in [11] for Conakry, Guinea. k = +o0
corresponds to homogeneous, Poisson transmission. In these scenarios, probabilities of outbreak
in the absence of interventions were recomputed for each value of the dispersion parameter k.
C As in A but by varying the parameter regulating human mobility. Spatial transmission is
proportional to a power law kernel 1/(1+d?) where d is the geographical distance and b regulates
the decrease of transmission with distance. Baseline value: b = 2.25, resulting in an average
distance of 7.7 km [3]. In these scenarios, probabilities of outbreak in the absence of interventions
were recomputed for each value of the parameter b. D As in A but by varying the percentage
of traceable cases. Each point estimate is based on the analysis of 1,000 simulated epidemics.

2.3 Sensitivity of OVE to values of parameters regulating EVD transmission
and interventions

In Fig. S10 we report results of a sensitivity analysis, similar to that conducted in Section 2.1
on the EPP indicator, to evaluate sensitivity of OVE regarding preparedness and capacity of
the health system. Results suggest that OVE could increase to about 60% for R, = 2 if the
outbreak is readily detected but could sensibly decrease, even for values of R, as low as 1.4, 1.6 if
hospitalization and number of Ebola beds are lower than assumed. In baseline ring vaccination,
we assume hospitalization at 89% and 20 Ebola beds. In Fig. S11 we evaluate sensitivity of
OVE regarding impact of ring vaccination. Results show that OVE increases substantially
with vaccine coverage at 80% or higher (OVE~ 60% if R. = 2 with vaccine coverage at 80%).
Moreover, OVE drastically increases by adding a spatial component to baseline ring vaccination
(OVE close to 90% if R. = 2.2 by adding a spatial ring of 0.5 km, corresponding to targeting the
village of the index case). In Fig. S12 we evaluate sensitivity of OVE regarding impact of ring
vaccination regarding EVD transmissibility . Results show that OVE increases substantially if
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Figure S13: A Mean number of vaccine doses (bars) and 95%CI (lines) as a function of R,
by assuming a vaccine coverage of 50%. Both contained (blue bars and lines) and uncontained
(green bars and lines) outbreaks are considered. B As A but for the number of rings. C and D
As A and B but for vaccine coverage 65% (baseline value). E and F As A and Bbut for vaccine
coverage 80%.G and H As A and B but but for vaccine coverage 95%.

the time from symptom onset to hospitalization is reduced to 2-3 days on average (OVE close
to 100% for R, = 2.2 if the time from symptom onset to hospitalization is reduced to 2 days on
average) and by reducing human mobility.

2.4 Vaccine doses and number of rings

Number of vaccine doses and number of rings required to contain an EVD outbreak with baseline
ring vaccination have been already discussed in the main text (Fig. 1). If the outbreak is not
contained, and R, = 1.6, we found that the number of vaccine doses might be about 20,000 on
average, the number of rings might be about 500 on average, with only about 100 rings in the
first four months of the outbreak. As shown also in the main text, these numbers drastically
decrease in case of contained outbreak. The number of vaccine doses and rings is not sensitive
to most of the conducted sensitivity analyses (time required to detect the outbreak, percentage
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Figure S14: A Mean number of vaccine doses (bars) and 95%CI (lines) as a function of R, by
assuming no spatial ring vaccination (ring radius: 0 km, baseline value). Both contained (blue
bars and lines) and uncontained (green bars and lines) outbreaks are considered. B As A but
for the number of rings. C and D As A and B but considering a spatial ring of radius 0.5 km.
E and F As A and B but considering a spatial ring of radius 2 km.G and H As A and B but
considering a spatial ring of radius 5 km.I and J As A and B but considering a spatial ring of
radius 10 km. L and M As A and B but considering a spatial ring of radius 20 km.

of isolated cases, number of available Ebola beds, time for the vaccine to develop protective
immunity, human mobility, heterogeneity in transmission, possible impact of additional control
measures, e.g. contact tracing). As shown in Fig. S13, the number of vaccine doses and rings
does not increase substantially also by assuming vaccine coverage much larger than 65%. Indeed,
if vaccine coverage is close to 95%, the number of vaccine doses increases substantially (of about
50%) only for R, > 2 in case of uncontained outbreaks. Of course, the number of vaccine
doses might increase dramatically by considering a spatial ring, in case of both contained or
uncontained outbreaks. As shown in Fig. S14, the number of vaccine doses might increase
of about 300-400% if the ring radius is equal or greater than 2 km. These results suggest
that considering a spatial component of the vaccination ring might be difficult to implement
in practice in countries with poor resources. However, it is worth noticing that considering a
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Figure S15: A Estimated OVE (£ 2 SE) one year after the emergence of the first case (with
respect to worst case scenario) as a function of R, using three ring-defining strategies: contacts
and contacts of contacts (C&CC) of index cases; C&CC with a spatial ring of radius 2km
around index cases (C&CCHS); C&CC+S (2km) plus “improved health systems”, which includes
reducing time to isolation of cases (2-3 days from onset to hospitalisation), increasing ring
vaccination coverage to 90% of eligible individuals, and reducing public access to infected areas.
B As A but considering mass vaccination (coverage 25% and 50%) and a spatial ring (S) of
20km around index cases. Each estimate is based on 1,000 simulated outbreaks.

spatial ring of about 0.5 km (roughly corresponding to targeting individuals in the same village
of index cases) might be feasible and increase substantially the EPP (results discussed in the
main text).

2.5 Outbreak containment: C&CC+S and “improved health systems”

In the main text we have analysed baseline ring vaccination in terms of EPP. All parameter
values, with the exception of the number of cases required to detect the outbreak, regulation
the impact of interventions are taken from [4, 2]. In particular we assume vaccine coverage at
65%, 4 days on average from symptom onset to hospitalization and eligible population defined
as contacts and contacts of contacts of index cases (no spatial ring). Here we analyse the effects
of interventions where we assume that vaccine coverage increases to 90%, the time spent in
the community by EVD cases is reduced to 2.5 days on average, a spatial component is added
to the ring definition (with ring of radius 2 km), and human mobility is reduced (we assumed
b = 3, resulting in an average distance of about 3.5 km). As shown in the main text, these
interventions might lead to contain an EVD outbreak, with OVE close to 100% (Fig. S15A),
with R, as high as 2.6 . As for comparison, OVE for strategies considering spatial rings (20 km)
and mass vaccination are shown in Fig. S15B.
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